Abstract-
INTRODUCTION
OLED has emerged as a potential candidate for application in display devices due to its prominent advantages in size, brightness and wide viewing angle [1] [2] . In order to further improve and optimise this device for use in practical applications, device modeling of OLED characteristics is required to better understand the physical processes affecting the device performance. Continuing from our previous work, where detailed analysis of the optical radiation spectrum from microcavity-based OLED have been presented, the carrier transport analysis is included in this work to provide further insight into both optical and electrical behaviors of double layer OLED device [3] .
Electrons and holes are injected into organic layers from cathode and anode respectively, transported across organic layers and then recombined to form excitons. The excitons diffuse prior to undergoing radiative or non-radiative decay. As the optical thickness of the organic layers is of the order of a wavelength, standing wave pattern is observed. When the recombination zone is aligned with the anti-nodal region of the standing wave, enhancement in light output can be observed [4] [5] . Optimum recombination rate is obtained when balanced electron and hole injection and transport are achieved in the recombination region [6] . Furthermore, barrier to carrier injection and band offset in the organic layers are the dominant parameters that affect carrier transport behavior of the device [7] . To investigate the effects of those parameters, it is necessary to combine electrical and optical models together to examine the recombination mechanism in the OLED device so as to determine the most critical parameter associated with light generation.
In this work, we simulate electrical carrier transport characteristics (electric field, carrier density and recombination region thickness) and optical properties (field distribution and emitted radiation spectrum) of a microcavity device consisting of two organic layers with varying thicknesses of N,N′-di(naphthalene-1-yl)-N,N′-diphenylbenzidine (NPB, hole transport layer) and tris(8-hydroxyquinoline) aluminium (Alq, emitting layer). These organic layers are sandwiched between a silver (70nm) cathode and either silver or copper anode to provide different injection barrier for holes. Quartz with 1 mm thickness was used as substrate. The model fully takes into account the optical dispersion in all the layers in the structure. The organic layer thickness values were chosen so that the position of the emission region was not too close to the metal cathode to avoid unrealistic model predictions since the model does not take into account exciton quenching due to defect states introduced during metal deposition. The calculated optical emission spectrum has been compared with the experimental results for Quartz/Cu/NPB/Alq/Ag device. The paper first describes the optical and electrical simulation models used including the simulation parameters and simulated experimental conditions. The outcome of simulation is then compared with the existing experimental data.
II. DESCRIPTION OF THE MODEL

A. Electrical model
Inside the organic semiconductor the electrical transport is modeled by the one-dimensional time-independent driftdiffusion model [7] [8] [9] , which solves for a self-consistent solution of electron density, n, hole density, p and potential \ (using the semiconductor solver Atlas [10] 
with μ n0 and μ p0 are the zero field mobilities, E is the electric field and E 0 is the constant known as characteristic field. The recombination rate is taken to be optical only and modeled by the Langevin recombination coefficient J [7] [8] :
where n i is the intrinsic concentration and μ R is effective recombination mobility, taken to be the larger of the electron and hole nobilities in the material, εε 0 is the permittivity of the material. The effect of traps in the organic layers is not included in the current electrical model as the literature indicates the inclusion of traps has no significant effect on the simulation results obtained [7] .
2) Poisson's equation
where N D and N A are the ionized donor and acceptor dopant concentrations.
These equations are solved for the p-n junction structure using Schottky contact boundary conditions between a metal (which also serves as the reflecting surface for optical modeling) and the organic layer at the anode and the cathode. The barrier heights governing carrier injections are: I bn for electrons and I bp for holes and are related to the metal work function I m of the electrodes and the electron affinity of the organic material
The continuity equations and the Poisson equation are solved to obtain the carrier concentrations, electric field distributions and recombination rate. The thickness of recombination region can be determined from the recombination rate, which can be used to estimate the width of emission region (taking into account of exciton diffusion) to be included into the optical model.
B. Optical model
The devices with structure Quartz/Bottom-Mirror/ NPB/Alq/Ag were investigated for different combination of NPB/Alq thickness (153 nm/51 nm and 51 nm/153 nm) and for two different bottom mirror materials : Cu (25 nm) and Ag (80 nm). R top and R bot are reflectances of the top and the bottom mirrors of the device and were modelled using a transfer matrix method [11] [12] [13] . The calculated results were corrected for the incoherent reflection from the backside of a quartz substrate [14] [15] [16] . The refractive indices for all the thin film layers in the structure were determined by spectroscopic ellipsometry. For the quartz substrate, the refractive index was described by a Cauchy equation fit of the data tabulated in [17] .
The emission spectra I cav were modeled using the following equation [18] [19] 
where L is the optical thickness of the cavity, and \ top and \ bot are the phase shift upon reflection and reflectivity of top and bottom mirrors respectively, z i is the optical distance of the emitting dipoles from the metal mirrors, I nc is the free space emission of Alq (determined from the photoluminescence measurements on the Alq film), and the summation over i is performed with 1 nm step depending on the emission region thickness which is estimated based on the recombination region thickness obtained from electrical simulation taking into account of exciton diffusion length. Published studies suggest that the emission regions are usually within 10-20 nm from the HTL/Alq 3 interface [20] .
C. Parameters used in simulation models
The material parameters used for modelling of carrier transport are obtained from literature [7] [8] [9] . The devices were simulated with forward bias of 5 volts. The mobility of majority carriers in the organic materials has been set to be two orders of magnitude higher than its minority carriers. Therefore NPB and Alq are assumed to act as hole transport layer (HTL) and emission (EML) layer respectively. Where the simulation model requires a large number of material parameters only a few critical parameters including barrier heights to carrier injection, bandgaps of the organic materials and carrier concentrations have marked effects on the simulated result [7] . 
III. RESULTS AND DISCUSSION
Firstly, general electrical properties of OLED structure were investigated. The electric field and carrier density of a device with 153 nm NPB (p-side) and 51nm Alq (n-side) sandwiched between Cu (25 nm) anode and Ag (70 nm) cathode was simulated as shown in fig. 1 . When a forward bias voltage of 5 V was applied, holes are injected from anode into NPB layer and accumulated near the NPB/Alq interface due to offsets in the HOMO bands. Alq layer acted as a hole blocking layer in this case. On the other hand, amount of electrons injected into Alq layer from cathode is negligible due to large barrier offset I bn (1.2 eV) . Accumulation of holes in the NPB/Alq interface caused electric field in Alq region to be higher than that of NPB layer according to Poisson's equation. Fig . 2a shows the simulated carrier recombination rate in the same device. It is clearly observed that majority of the recombination occurred within 5 nm from the NPB/Alq interface in the Alq layer. The result corresponds to Tang's finding which reported that in an Alq-based bi-layer structure, recombination zone generally occurs within 5nm from the HTL/EML interface and emission zone usually extends to 20nm due to exciton diffusion [21] . The luminance spectrum (Fig. 2b) was simulated with the emission layer thickness of 20 nm based on the recombination region thickness (5nm) obtained from the electrical simulation The effects on the carrier transport in devices using different anode material were investigated. Device with 51 nm NPB (p-side) and 153 nm Alq (n-side) sandwiched between Ag (80 nm) anode and Ag (70 nm) cathode was simulated. The device is exactly the same as the previous one but with anode replaced with an Ag metal. The replacement increased the hole injection barrier from 0.75 to 1.14 eV and it has significantly reduced the amount of holes injected into the NPB layer, the barrier offset in the NPB/Alq interface caused holes to pile up as before. This decreased the recombination rate by two orders of magnitude compared to the previous device. The effect on the lowered recombination rate also reflected on the electroluminance (EL). The EL of device with Ag anode is significantly lowered when compared to device with Cu anode. On the other hand, if the electron injection barrier is further increased, negligible electron will be injected into the Alq layer, thus leads to negligible recombination rate. Therefore, in order to obtained better recombination efficiency, balance injection of carriers into the emission region is essential. The effects of devices with different position of the NPB/Alq interface were examined. The devices have common Cu (25nm) anode and Ag (70nm) cathode, but one with 51 nm NPB and 153 nm Alq (referred as 51/153) and the other with 153 nm NPB and 51 nm Alq (referred as 153/51). Fig. 3 shows the simulated optical field intensity in these two devices. It is well known that the strongest EL enhancement is obtained when the emission layer is aligned with the position of the antinode of the cavity [22] . In 153/51 device, the peak of the field coincides with the peak of the recombination region in the vicinity of the NPB/Alq interface. On the other hand, the emission region of 51/153 device is not aligned with antinode of the optical field; in fact the emission region is positioned near the node of the optical field. This phenomenon has major effect on the EL intensity obtained (as shown in Fig. 4) for the two structures with 20 nm emission layer thickness. It is obvious that the EL intensity of 153/51 device is much greater than that of 51/153, due to coincidence of optical field antinode and emission layer which enhances the overall light output. Fig. 4 also shows the comparison between the simulated and experimental electroluminance spectra of both devices, it can be observed that the main features of the spectra agree reasonably well. 
CONCLUSION
We have simulated both electrical and optical behavior of bilayer OLEDs by use of numerical and analytical models. The recombination width obtained from the electrical model was found to be within 5nm from NPB/Alq interface in the Alq region, which agrees with the experimental value. The calculated recombination region width was used to determine the emission layer thickness to be used in the optical simulation. In order to achieve better recombination efficiency, balanced carrier transport to the emissive layer is essential. By simulating the device with different choice of anode material, we have observed that injection barrier for electrons and holes is the major parameter that affects the carrier transport in the device. By aligning the position of the antinode of optical field intensity within the device with the electrical recombination region, enhancement in the overall light output of the device was achieved. Good agreement between the simulated and experimental electro-luminance spectra was observed.
